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Abstract 

Space vehicle power systems which derive electrical power 
from stored chemical energy are usually compared on the basis 
of specific propellant consumption. However, specific propel-
lant consumption does not always tell the complete story par-
ticularly for space missions which include a lunar landing 
operation. Presented are results of a study in which fuel cells 
were compared to mechanical power systems for various space 
missions. For some types of missions, mechanical systems show 
a savings in gross vehicle launch weight of many tons due to 
their low fixed weight as compared to fuel cells. This is true 
even at considerably higher specific propellant consumption 
than is expected of fuel cells. 

In addition, a new concept in chemical dynamic space power 
systems shows promise of approaching the thermal efficiency of 
fuel cells. This system offers low fixed weight and volume as 
well as low specific propellant consumption on the basis of 
weight and volume. The primemover is a hydrogen-oxygen internal 
combustion engine which is now being developed at Vickers under 
a government contract. Preliminary test results on two experi-
mental versions of this engine are presented. 

Introduction 

The selection of an optimum space power system design for a 
particular space mission requires a multitude of trade-off and 
optimization studies in which different types of each system 
components are evaluated on the basis of their interactions 
with all of the other components. The objective is to define 
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a space power system which: 1) will be available in a usable 
form with the required reliability at the time it is to be 
used and 2) results in the lowest gross earth take-off weight 
penalty. 

Availability is the more important of these two requirements, 
and certainty of availability of the space power system can be 
risked in favor of weight only when the capability of boosters 
becomes a problem. In many cases it will be wise to select a 
space power system which may not be the lightest for the initial 
power estimate, but which will result in lightest weight, after 
power requirements have grown (as they tend to do) to a much 
larger final value. The selection of a system with inherent 
growth potential will insure continued availability. 

The reciprocating power unit has three basic interrelated 
advantages which make it attractive for use in chemically ener-
gized space power systems. 

1) Availability with a minim-urn of effort. This availability 
is based upon the extensive use of existing technology and is 
demonstrated by the minimum effort (compared to other units 
such as fuel cells) which has been required to obtain success-
ful H2-O2 internal combustion, H2-O2 external combustion, and 
N2-0^-Aerozene internal combustion engines. 

2) Low Weight. The reciprocator combines commendable 
specific propellant consumption with the lowest fixed weight of 
any space power unit currently being developed. 

3) Versatility. The reciprocator has great flexibility of 
design and operation; it can be integrated into the system in 
a variety of ways and will operate with a variety of propel-
lants and with a wide range of propellant inlet conditions in 
response to varying loads. 

These three advantages make the reciprocating power unit an 
attractive nucleus around which to build an optimum space 
power system. 

In this paper, the basis for these advantages will first be 
demonstrated and then data obtained during Vickers hydrogen-
oxygen internal combustion engine development program will be 
presented. The development program, in addition to verifying 
the availability of a particular engine, indicates the amount 
of effort required to demonstrate the availability of other 
reciprocator designs. A simple space power system in which 
this engine can be used is shown in Fig. 1. 
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Availability 

The major effort remaining to adapt the reciprocator to 
space applications is that of devising and perfecting tech-
niques of handling propellants and using their energy most 
effectively, A great deal of this work has been and is being 
done for particular engine designs, and here again existing 
technology (that gained by the missile industry) is being used. 
Refererices 1 and 2 describe work completed earlier on the 
experimental external combustion engine shown in Fig, 2. The 
current hydrogen-oxygen internal combustion engine development 
program is described later in this paper, A hypergolic propel-
lant engine which is also being tested now is shown in Fig, 3. 

A typical question regarding the availability of the recip-
rocator in space is how is an engine to be lubricated in zero 
gravity? Actually, zero "g11 lubrication presents no major 
problem. The most direct solution is to use a throw-away 
"metered splash" lubrication system and not try to reuse the 
lubrication. The lubrication system adds to both the fixed 
and variable weight of the unit, and the weight is a function 
of engine power level and duration, A rule of thumb estimate 
for oil consumption is about 0,05 lb/hp-hr, 

The availability of reciprocator space power units can be 
summarized as follows: 

1) Extensive use can be made of state-of-the-art and of the 
work accomplished with certain space power engines over the 
last four years. 

2) Research and development now completed indicates that 
specific requirements can be met with minimum effort. This 
does not mean that off-the-shelf reciprocators are available 
for every possible space power system, but that a reciprocator 
can be selected for a particular application with a high level 
of confidence that it will be ready when needed. 

Weight 

The total weight of a chemically energized space power system 
(except for batteries) consists of fixed weight and variable 
weight. Variable weight is a function of the specific propel-
lant consumption and specific propellant consumption is a func-
tion of power unit efficiency. There are many ways of defining 
efficiencies for space power units—for example, definitions 
using higher heating value and lower heating value for thermal 
devices, and Gibbs free energy for fuel cells. Some of these 
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definitions can be found in References 1, 3, and Д. The points 
of interest here are how low a specific propellant consumption 
can be achieved with a particular power unit within a given 
time, and how much effort will be required. 

The hydrogen-oxygen internal combustion engine currently 
being developed offers "a specific propellant consumption of 
1.1 to 1.5 lb per kwhr depending on propellant supply condi-
tions and generator efficiency." Figure Д shows system fixed 
weight (of the portion of the system inside the heavy dashed 
lines in Fig. 1) vs power level. 

It should be remembered that specific propellant consumption 
and power unit fixed weight are important only as they affect 
total system weight. Sometimes system weight may actually be 
reduced by increasing specific propellant consumption. For 
example, if the insulation and boil-off weight penalty for cry-
ogenic storage of hydrogen and oxygen is large, a lighter over-
all system weight can be obtained by using storable hypergolics, 
although these propellants have a higher specific propellant 
consumption than that of hydrogen and oxygen. 

It is also important to remember that for some missions the 
rate at which the total space power system weight changes with 
time is as important as its initial launch weight. Systems 
with low fixed weights are advantageous in that they may reduce 
the take-off weight penalty of the mission. Figure 5 graph-
ically illustrates the weight change of two different chemical-
ly energized systems and shows the effect of their weight change 
upon booster weight. The figure demonstrates that, for some 
missions (such as lunar landing) where pay load must be boosted 
for a return trip, a space power system with a low fixed weight 
(system A) can result in a lower earth take-off weight penalty 
than a space power system which has lower initial weight but 
which has a high fixed weight (system B). Table 1 shows the 
effect of fixed weight and specific propellant consumption upon 
take-off penalty for a typical hydrogen-oxygen internal com-
bustion engine space power unit compared with a typical hydro-
gen-oxygen fuel cell. 

Versatility 

The reciprocating engine power unit offers a degree of flex-
ibility not offered by other power units. This flexibility 
makes it adaptable to many different missions. Some recipro-
cating engine attributes which should be noted are: 

1) The ability to operate with different propellants, the 

140 



POWER SYSTEMS FOR SPACE FLIGHT 

most important being cryogenic and hypergolics. Cryogenic 
H2-O2 offers low specific propellant consumption, and hyper-
golic (N20^/50:50 N2H^:UDMH) offers storability. 

2) The ability to operate with different fuel oxidizer 
ratio. This makes the power unit adaptable to a variety of 
space power system cycles (see Ref. 5). 

3) The ability to operate with different propellant inlet 
conditions. For example, a hydrogen-oxygen engine can utilize: 
a) liquids, b) super-critical fluid, c) boil-off, and d) 
helium contaminated boil-off. 

U) The ability to use external combustion, or two or four 
stroke cycle internal combustion. External combustion elimi-
nates the need for power unit cooling and makes the unit 
adaptable to vehicles in which the cooling and power systems 
are integrated. Internal combustion offers low specific pro-
pellant consumption due to high peak cycle temperature (much 
higher than turbines). Different heat rejection temperature 
may be used with the internal combustion power unit. Low 
rejection temperatures may be used to be compatible with a 
cooling system common with the power consuming devices, or high 
rejection temperatures can be used to reduce radiator size when 
a separate cooling system is used. The choice of two or four 
stroke cycle internal combustion engine makes it adaptable to a 
number of different propellant delivery and combustion product 
recirculation designs. 

5) The ability to operate at various speeds without drasti-
cally affecting specific propellant consumption (this ability is 
not shared by turbines). Constant speed power control can be 
used when driving an alternator, variable speed power control 
may be used when the power output is direct current. Variable 
speed control reduces specific propellant consumption at part 
load and increases reliability. In addition, operating speed 
and weight can be traded off against reliability. 

Current Engine Development 

For the past four years a series of research and develop-
ment programs related to engines and systems to provide aux-
iliary space power have been carried out by Vickers Incorpor-
ated. An engine development program funded by the Air Force 
has recently been completed. An electrical generation system 
using the hydrogen-oxygen engine as prime mover is now being 
designed under NASA contract. These are extensions and logical 
developments of earlier Vickers programs. The work accomplished 
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in the recently completed Air Force program is discussed in the 
following paragraphs. 

Scope of Test Program 

The objective of this test program was to provide experi-
mental data to determine the feasibility of an internal com-
bustion engine operating on hydrogen and oxygen as a prime 
mover for low power levels. To this end, two similar experi-
mental engines were constructed. Both engines were designed 
to operate on a two-stroke, internal combustion cycle. 

One engine was designed to operate on hydrogen and oxygen 
mixed within the combustion chamber. To accomplish this, 
hydrogen is admitted through a dual concentric poppet valve 
arrangement featuring a variable admission ratio. Oxygen in-
jected through another poppet valve is ignited and burned under 
constant pressure. The other engine featured external mixing 
of the prope31ants, eliminating the oxygen injector valve. The 
mixture was ignited and burned under constant volume conditions. 
The first engine is generally referred to as the "oxygen injec-
tion" engine, and is shown in Fig. 6. The second engine, the 
"carburetted" engine, is shown in Fig. 7. 

Both engines are single cylinder research engines. No 
attempt was made to minimize weight or volume. Provisions 
were made for the installation of all necessary instrumenta-
tion, such as pressure transducers and thermocouples, and for 
thermally isolating sections of the engine to obtain heat trans-
fer data. The engines are similar in design, with a large 
number of interchangeable parts. 

Although these engines are designed to operate on a cycle 
using thermal regeneration of exhaust gases and external com-
pressors driven by engine power, neither regenerator nor com-
pressor design was included in this program. Propellants were 
fed at ambient temperature from pressurized bottles for test 
purposes. 

The test program was carried out at the Vickers, Torrance 
facility. Combustion tests began immediately after engine 
checkout. No attempt was made to achieve maximum power. 

The objectives of the test program were to: a) determine 
combustion and general operating characteristics, b) obtain 
minimum specific propellant consumption, c) evaluate heat 
rejection, and d) identify problem areas. 
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Test Engine Design Discussion 

Experience gained in Vickers1 earlier external combustion 
engine test program was incorporated into the design of the 
experimental internal combustion test engines. Because of the 
specialized mechanical requirements imposed on these engines 
by the operating cycles, only a few commercial components could 
be utilized. A magneto ignition system, crankshaft, and con-
necting rod were purchased. All other engine components were 
designed and built by Vickers. 

Oxygen Injection Engine 

A dual concentric poppet valve system similar to that used 
in the external combustion engine (described in Ref. 2) is used 
for admission of hydrogen to the cylinder. These hydrogen 
valves are located in an extension of the cylinder head with 
their axis parallel to the cylinder axis. The valves are actu-
ated from cams located on a camshaft mounted high in the crank-
case, gear-driven at engine speed by the crankshaft. Such a 
configuration results in short valve stems and a low inertia 
valve train. The side valve location also isolates the hydro-
gen valve from the uncooled cylinder head and promotes cooler 
valve operation. 

T-ie oxygen injector is also actuated by a cam located on the 
same camshaft. The design problems inherent in a mechanically-
actuated oxygen injector have proven to be formidable. A pri-
mary problem is the extremely short duration available for in-
jection of oxygen into the cylinder during each cycle. At the 
maximum engine speed of 6000 rpm, the oxygen injector valve 
must open and close in a period of 1.0 msec. The other major 
design problem involves materials selection. Since this in-
jector valve handles gaseous oxygen at high temperature, it 
must be made of materials which resist oxidation and maintain 
strength and impact characteristics suitable for high speed 
valve operation. 

Because of the high temperature oxidizing environment within 
which the injector valve must operate, sliding contact surfaces 
were minimized in the valve design. The chamber within which 
the valve operates is hermetically sealed. 

The cylinder head of the oxygen injection engine is actually 
a piston-like member retained in the top of the cylinder bore 
by a flange. It is sealed against gas leakage by a metallic lip 
seal which is backed up by a piston ring. The cylinder head is 
insulated against heat transfer to the cylinder wall. 
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The cylinder barrel is cooled by circulating water 
through the full length cooling jackets. The cylinder barrel 
assembly is of brazed steel construction and is bolted to the 
crankcase to facilitate the changing of cylinders during the 
test program« The piston, like the cylinder head, is insulat-
ed against heat transfer. 

Engine lubrication is by a combination pressure and splash 
system. Oil is supplied under pressure from an external source 
to the hydrogen valve guide and to the cylinder wall just below 
the exhaust ports. Oil is sprayed onto the crankpin bearing, 
the cam followers, and the camshaft gears. Crankshaft main 
bearings are lubricated by splash from the rotating crankpin. 
Oil is drained back to the reservoir by gravity. A high oil 
flow was maintained because oil consumption was not a factor 
for evaluation in this program. 

Carburetted Engine 

The carburetted engine differs from the oxygen injection 
engine in the piston and cylinder head design and in the valve 
arrangement. The cylinder head is of one piece construction 
and is water cooled to suppress auto ignition. A conventional 
one piece piston is used. The oxygen injector valve is, of 
course, omitted. Hydrogen and oxygen are mixed in an external 
mixing chamber and the mixture admitted through the dual con-
centric poppet valve. The mixing chamber used in this program 
is actually a combustor which was used in a previous external 
combustion engine test program (which used the engine shown in 
Fig. 2). 

Instrumentation and Test Set-Up 

The hydrogen-oxygen internal combustion oxygen injection 
engine is shown mounted on the test stand in Fig. 8. Hydrogen 
and oxygen gas were supplied to the engine from high pressure 
storage bottles through pressure regulators and metering ori-
fices. Engine power was absorbed by a hydraulic pump. Engine 
torque was determined by measuring the reaction torque of the 
trunnion-mounted load pump with a strain gage load cell. Engine 
rpm was read by a d.c. tachometer for an approximate reading 
and by an electronic counter for an exact speed count. Temper-
atures were sensed with chromel alumel thermocouples and read 
and recorded on a strip chart recorder. 

A Kistler Model 601 pressure transducer was employed for 
combustion chamber pressure measurements. This is a miniatur-
ized quartz crystal transducer which is used widely in internal 
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combustion engine research. This transducer was installed in a 
water-cooled adapter which fits any of the three spark plug 
ports in the cylinder head. The signal from the pressure trans-
ducer was fed to the vertical input of an oscilloscope which 
was calibrated directly in pounds per square inch. A horizon-
tal time sweep corresponding to one crankshaft revolution 
resulted in a pressure-time trace which was photographed by a 
Polaroid camera for comparison later with performance data. 

Test Results 

Design Objectives 

The hydrogen-oxygen engine was designed to be incorporated 
into a regenerative system as shown in Fig. 1. A discussion 
of engine performance must be made with this fact in mind be-
cause the engine has been tested only as a component without 
the benefits of regeneration or vacuum exhaust conditions. 
Also, design mixture ratio has not been reached because of oxy-
gen injector valve malfunction at the necessary higher flow 
rates. 

The effects of these various parameters can be illustrated 
by the following example: Typical test data gives a brake 
specific propellant consumption of 2.25 lb/hp-hr at a mixture 
ratio of 0.9:1 and a heat rejection ratio of 10% (heat rejected 
to coolant equals 10% of shaft power). Regeneration to bring 
the inlet gas temperature up to ̂ 00°F will achieve a brake 
specific propellant consumption of 1.2 lb/hp-hr. The addition-
al effect of a lower valve mach number due to the higher gas 
temperature, and consequently lower pressure drop across the 
hydrogen valves, should further lower the specific propellant 
consumption to approximately 1.0 lb/hp-hr (the valves are now 
somewhat undersized for room temperature inlet gas). 

If mixture ratio is raised to 2.0:1, the higher exhaust 
temperature will permit regeneration of the inlet gas to 900°F, 
with a specific propellant consumption of 0.8 lb/hp-hr for a 
10% heat rejection ratio. 

While the heat rejection ratio was not assumed to rise during 
these manipulations, a ratio of 10% is not unreasonable for the 
design conditions. Heat rejection scales as a function of bore 
diameter and working fluid composition. Recent test data on the 
new Willys 6-230 engine (Ref. 6) gives a heat rejection ratio 
of l^\% scaling this to the hydrogen-oxygen engine bore size and 
working fluid results in a heat rejection ratio of 1Л%. Effec-
tive thermal insulation could further reduce this figure. 
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Performance - Oxygen In.iection Engine 

The test data shown in this paper represents a very low 
level of specific propellant consumption. Nearly all of the 
runs used between 2.3 and 3.0 lb/hp-hr (unregenerated) at powe 
levels ranging from 2.0 to 6.0 horsepower. This is already 
beyond the capability of turbines at this low power level. Th 
oxygen injection hydrogen engine shows promise of being com-
petitive with fuel cells and other direct conversion devices 
when fully integrated into a regenerative power system. 

The most significant index of engine performance is the 
brake specific propellant consumption which is defined as the 
total propellant flow rate (oxygen plus hydrogen) divided by 
the engine shaft horsepower output. Brake specific propellant 
consumption is plotted vs. brake mean effective pressure in 
Fig. 9 for many representative runs. 

Fig. 10 is a typical indicator card of the hydrogen-oxygen 
injection engine and is taken from the pressure time trace of 
Hg. 11. 

Most of the test runs made with the oxygen injection engine 
used an insulated piston and an insulated cylinder head. Oxy-
gen valve timing could be varied relative to the hydrogen valv 
timing but the duration and lift of the oxygen valve were fixe 
Oxygen injection rates were varied by varying oxygen pressure. 
In practice, only a moderate combustion pressure rise was 
encountered because the oxygen burned as fast as it entered, 
and the 02:H2 ratios were low. 

A few test runs were made late in the program with a revise 
piston and cylinder head configuration in the oxygen injection 
engine and very early hydrogen admission and oxygen injection. 
Figures 12 and 13 show an indicator card and cylinder pressure 
trace of one of these runs. Note that Otto cycle operation 
(constant volume combustion at top dead center) was approxi-
mated in these runs, with an appreciable amount of thermal 
compression. This approach shows considerable merit for futur 
improvements in propellant consumption. 

The rate of cylinder wall heat rejection was higher than 
expected for all high temperature runs, even after the effects 
of scaling were taken into account. Heat rejection as a func-
tion of 02:H2 mixture ratio is shown in Fig. 1Д. Some causes 
of this heat rejection have been determined from an analysis 
of data and are 
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1) Oxygen injector malfunction. Oxygen injector leakage 
under dynamic conditions at higher flow rates has been a prob-
lem in this test program. Leakage from a closed injector valve 
is impossible to measure and difficult to estimate. Its effect 
will be to sustain burning throughout the cycle, raising mean 
cycle temperature but not contributing significantly to useful 
work. 

2) Overcooling. Water flow through the cylinder jackets is 
adjusted for an exit temperature of 190°F or less to guard 
against vaporization. At the higher operating temperatures, 
this means a considerable flow of water. It was found that 
cylinder walls were being overcooled and that operation at a 
higher wall temperature significantly reduced the rate of heat 
transfer. Modifications to permit a more flexible cooling sys-
tem are necessary. 

3) Cylinder Turbulence. The oxygen injector is fixed at an 
angle designed to create swirl of the oxygen through the com-
bustion chamber during burning. This swirling may create a 
scouring action of the burning gases on the cylinder wall, 
raising the rate of heat transfer. Very little is known about 
the amount of stratification or the influence of injector 
location and angle on combustion. These considerations may 
have a major effect on combustion efficiency. Design studies 
to optimize engine performance are necessary. 

The oxygen injection version of the hydrogen-oxygen engine 
was found to be very sensitive to minor changes in timing. For 
example, a 15$ improvement in specific propellant consumption 
was obtained at one point by slightly increasing the clearance 
volume and shortening the hydrogen admission timing. Power 
output and O2/H2 ratio remained constant. Such sensitivity to 
combustion chamber conditions points up the high degree of 
charge stratification present and the need for a considerable 
amount of experimentation to determine the optimum combustion 
chamber shape, oxygen injector location and direction, and 
hydrogen valve and oxygen injector timing. Ignition was never 
a problem with the oxygen injection engine. Ignition was 
achieved by a spark or by a catalyst. 

Wnile an oxygen injector presents the most difficult design 
problem encountered in an internal combustion hydrogen-oxygen 
engine development program, the feasibility of oxygen injection 
has been proven conclusively, giving evidence of smooth, well 
controlled ignition and combustion. It is felt that an oxygen 
injector offers great promise as an efficient means of power, 
speed, and propellant flow regulation. 
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Performance - Carburetted Engine 

The externally carburetted version of this engine was 
operated for only one hour total running time in several 5 to 
10 minute runs. A photograph of this engine was shown in Fig. 
7. Note the provision for head cooling. A typical pressure-
time trace from the carburetted engine is shown in Fig. 15. 
The corresponding pressure-volume indicator card is shown in 
Fig. 16. The very sharp pressure spike at this late ignition 
represents a pressure rise of approximately 30 lb/in.2/deg 
crank angle. Since this pressure rise occurred well along the 
down stroke, where the combustion volume was rapidly increasing, 
it represents a very fast burning rate. The equivalent pressure 
in constant volume combustion (such as occurs near top center) 
would be much higher. 

Ignition of the carburetted engine was a spark. The car-
buretted engine would not fire at mixture ratios (02^2) less 
than 1.8:1 and required ratios higher than 2.3:1 to run 
smoothly. Shutting off the spark immediately stopped the engine. 
Pre-ignition by hot spots invariably led to flashback into the 
induction system. The engine was operated between 3000 and 
3700 rpm. Reliable ignition was not possible outside this 
range due to propellant feed system and mixture ratio limita-
tions. The engine missed occasionally under all conditions, 
and never achieved uniform combustion. 

Since combustion occurs relatively late in the cycle, a 
significant portion of the cylinder wall surface is exposed to 
combustion during the combustion process. This fact, in con-
junction with the high heat transfer characteristics of hydro-
gen rich mixtures, tends to cause high heat rejection rates to 
the cylinder coolant jacket. This is somewhat analogous to 
conventional spark ignition engines where operation with 
retarded spark will cause overheating. Increasing either the 
hydrogen flow (thus enriching the mixture ratio) or the coolant 
water flow (which lowered head temperatures) would increase 
missing drastically. 

It was felt that the uncontrollable combustion and the 
undesirable effects of pre-ignition which the carburetted 
engine demonstrated in tests eliminated the possibility of 
gathering useful data. Therefore, work on the carburetted 
engine concept was discontinued. Conclusions about the 
combustion characteristics of the two engines as a result of 
observations made during the test program are: a) consider-
able charge stratification is present in the injected engine 
which permits smooth operation and ignition at low 02:H2 ratios, 
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and b) the high flame speed of the hydrogen-oxygen reaction 
results in very high pressure rise rates in the carburetted 
engine. 

Operating Cycles and Control Methods 

Three modes of operation have been attempted on the Vickers 
test engine. They are 

1) Oxygen injection with slight or moderate combustion 
pressure rise, 

2) Oxygen injection, approximating constant volume com-
bustion at top dead center3 

3) Premixing of propellants with constant volume combus-
tion initiated by a spark* 

It was seen that method (3) was unsuccessful. Methods (1) 
and (2) were accomplished on the same engine with a different 
piston and cylinder head, and changes in injection and hydro-
gen valve timing. In practice, only clearance volume and in-
jection rate changes are necessary to convert an engine from 
mode (l) to mode (2). The specific power output and the con-
trol methods depend on the operating cycle. In practice, a 
cycle somewhere between (1) and (2) will be achieved. There 
is an incentive to strive for the highest degree of thermal 
compression (combustion pressure rise) possible in order to 
realize the thermal efficiency benefits of high peak cycle 
pressures and temperatures. 

Design Problems 

The following design problems areas were encountered in the 
hydrogen-oxygen engine program: 

1) Oxygen injector operation, 
2) Combustion chamber design, 
3) Heat rejection> 
U) Throttling losses at hydrogen inlet valves. 

None of the problems discussed is insurmountable and all can 
be alleviated on the experimental engine without major redesign. 
An internal combustion engine presents a complex design problem 
which usually requires a trial and error variation of design 
parameters to achieve good performance. 
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Materials Problems 

The most severe materials problem occurred in the oxygen 
injector. The poppet valve face and valve seat, and other 
parts, were exposed to a hot, pure oxygen atmosphere. The 
following materials were tested: 1) in the poppet: 320 
stainless steel, Rene1 Л1, and platinum - ^0% rhodium alloy; 
2) for the valve seat: platinum — 10% rhodium alloy, plati-
num alloy, flame plated with aluminum oxide, and 320 stainless, 

The best combination has been found to be a platinum poppet 
face against a flame-plated seat, running in a boron nitride 
guide bushing. This combination has endured several hours of 
operation in an oxidizing atmosphere without leakage or 
deterioration of the mating surfaces and with good ability to 
compensate for minor misalignment. Chrome plated cast iron 
piston rings and conventional petroleum base engine lubricat-
ing oil have been used in the program. Long duration operatioi 
at design hydrogen inlet temperature has not been attempted in 
this program, so recourse to high temperature lubricants was 
not necessary. 

Conclusions 

More than four years of research and development at Vickers 
on reciprocating engines for auxiliary space power systems has 
led to the following conclusions: 

1) The hydrogen-oxygen engine space power system will be 
lighter than competitive systems for certain space missions. 

2) Versatility of the reciprocating engine has been demon-
strated by operation at various speeds with a variety of fuels 
and combustion techniques. 

3) The following basic objectives were achieved during the 
recent hydrogen-oxygen engine test program: a) the feasi-
bility of the hydrogen-oxygen internal combustion concept for 
space power generation has been proved; b) the basic modes of 
operation have been determined as follows: 1) oxygen injec-
tion must be used for internal combustion engines in regenera-
tive power systems and 2) premixing of hydrogen and oxygen is 
not feasible for regenerative systems; c) major progress has 
been made toward the achievement of an operational system (no 
insurmountable technical difficulties exist); and d) the 
extreme flexibility and growth potential of internal combus-
tion engines with respect to control and off design point 
performance promises a variety of possible solutions to any 
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mission load profile. 
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Table 1 

System weight, lb 

System 

Hydrogen-oxygen 

engine space power 

unit 

Hydrogen-oxygen 

fuel cell space 

power unit 

Fixed weight 

200 

750 

Propel lant and tank weight 

1310 

670 

Total 

1510 

1420 

Vehicle weight penalty, lb 

System 

Hydrogen-oxygen 

engine space power 

unit 

Hydrogen-oxygen 

fuel cell space 

power unit 

Appropriate 

mass ratio 

Earth escape based 

on propellant used 

during ear th-moon 

trip 

21,000 lb 

11,000 lb 

64 

Lunar landing based 

on propellant con-

sumed on lunar 

surface 

130,000 lb 

68,000 lb 

200 

Lunar take~offs based 

on fixed weight plus 

propellant consumed 

during re turn 

290,000 

450,000 lb 

550 

Total 

441,000 lb 

520,000 lb 

In Table 1, the lunar landing mission is of 14-day duration with a 7-day lunar s tay. Weight 

penalty is divided into three categories to account for space power sys tem propellant consumed during 

the mission. 

Assumptions and Definitions 

1) 2-kw constant load 

2) Hydrogen tankage weight = 0. 5 lb per lb of H2 

3) Oxygen tankage weight = 0. 2 lb per lb of O2 

4) All sys tems include weight of heat exchanger for heat rejection to vehicle radiator 

through ethylene glycol loop. 

5) System weights include redundant components to give equal overal l reliabil i ty 

6) The total take-off weight penalty is defined as the booster weight needed to ca r ry 

the auxiliary power sys tem through the miss ion. 
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Oxidizer (02) 
At Pressure 

Fuei(H2) 
At Pressure 
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Electric 
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Fig. 1 Schematic space power system 
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Fig. 2 External combustion test engine 
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a» 

a 

50 

40 

30 

20 

10 

o L 

w^ 

L 

Notes 

1 Weight Includes; 
Engine 
Electr ical System 
Gearbox 
Star ter 
Battery 
Cooling System | 
Control s I 

I 1 
1.0 1.5 

Rated Power kw 

2.0 2. 5 

Fig. 4 Estimated fixed weight of H2-O2 engine space power unit 
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Fig. 5 Illustration of effect of pay load fixed weight and 
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Fig. 6 H2-O2 internal combustion engine oxygen injection version 
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Pig. 7 Externally carburetted H2-02 
engine 
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Fig. 8 H2-O2 engine on test stand 
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Fig. 9 Oxygen injection H2-O2 engine specific propellant 
consumption vs mean effective pressure 
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Fig. 10 Typical indicator card - oxygen injection H2-O2 engine 
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3125 rpm 

Л90 psi (Peak Pressure) 

Timing Trace 

Pressure Trace 

Fig. 11 Pressure vs time, oxygen injection engine 
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Fig. 12 Indicator card - H2-O2 oxygen injection engine 
combustion at top dead center 
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Timing Trace 

Pressure Trace 

Fig, 13 Pressure trace - oxygen injection engine with 
combustion at TDC 
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Fig, 14 Heat rejected to coolant water vs O2/H2 mixture ratio 
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Timing Trace 

3160 rpm 
410 psig (Peak Pressure) 

Pressure Trace 

Fig. 15 Pressure vs time, externally carburetted engine 
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Fig. 16 Indicator card - carburetted engine 
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